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Driven magnetic reconnection in a collisionless plasma, “collisionless driven reconnection,” is 
investigated by means of two-and-one-half-dimensional particle simulation. Magnetic reconnection 
develops in two steps, i.e., slow reconnection, which takes place in the early stage of the 
compression when the current layer is compressed as thin as the orbit amplitude of an ion 
meandering motion (ion current layer), and subsequent fast reconnection, which takes place in the 
late stage when the electron current is concentrated into the narrow region with a spatial scale 
comparable to the orbit amplitude of an electron meandering motion (electron current layer). The 
global dynamic evolution of magnetic reconnection is controlled by the physics of the ion current 
layer. The maximum reconnection rate is roughly in proportion to the driving electric field. It is also 
found that both ion heating and electron heating take place in accordance with the formation of two 
current layers and the ion temperature becomes two or more times as high as the electron 
temperature. 
I. INTRODUCTION 
Magnetohydrodynamic (MHD) studies”* have disclosed 
that driven magnetic reconnection plays an essential role on 
the energy relaxation and the self-organization of a magneti- 
cally confined plasma. Under the influence of a driving 
source and a small amount of electrical resistivity, magnetic 
reconnection takes place in a time scale much shorter than 
the resistive time scale, and the reconnection rate is primarily 
determined by the driving electric field.3 This process can 
lead to fast energy conversion from the field energy to the 
particle energy, as well as a topological change of magnetic 
lield.‘-3 On the other hand, energetically active phenomena4 
triggered by magnetic reconnection are often observed in a 
high-temperature, rarefied plasma, in which binary collisions 
between particles are negligible, namely, in a collisionless 
plasma. It is not so easy to explain how an electric field 
along the equilibrium current is generated in the neutral sheet 
of collisionless plasma. The concept of an anomalous 
resistivity,5 which originates from the wave-particle interac- 
tion or the stochasticity of particle orbit,6 has been intro- 
duced to explain collisionless reconnection. It is widely con- 
sidered that tearing instability7-l7 is an effective mechanism 
for collisionless magnetic reconnection. Particle simula- 
tion’3-i7 has been applied to investigate the collisionless pro- 
cess of magnetic reconnection for a variety of magnetic con- 
figurations. Leboeuf et a1.l4 discussed the collisionless mag- 
netic reconnection by means of two-dimensional particle 
simulation when a small amount of resistivity due to particle 
collisions was introduced in a periodic simulation domain. 
They pointed out the importance of the finite Larmor radius 
effect in current penetration. Hewett et al.” also examined 
collisionless magnetic reconnection by using an implicit par- 
ticle simulation code for the case where there existed no 
external driving force, and the initial equilibrium had a cur- 
rent layer the width of which was as thin as the electron skin 
depth. They found that the time evolution was strongly de- 
pendent on the ratio of ion to electron mass. 
When a system is subjected to an external driving 
source, or it is macroscopically unstable, it evolves dynami- 
cally with time,3 and thus, the physical parameters, which 
characterize the state of a system, become a function of time. 
In this paper we report the simulation of collisionless mag- 
netic reconnection for the case where a plasma is initially in 
an MHD equilibrium, and a driving plasma flow is supplied 
into a system through the boundary of a simulation domain. 
Then, the current layer is compressed by the convergent 
plasma flow, and its spatial scale length changes with time. 
After some period the system dynamically evolves into a 
kinetic regime in which the finite Larmor radius effect be- 
comes active. In considering such a dynamical evolution, it 
is important to solve self-consistently the nonlinear phenom- 
ena, including electron dynamics, ion dynamics, and the dy- 
namical evolution of the electromagnetic field. For this pur- 
pose, we have developed an electromagnetic particle 
simulation code,‘*-*’ which can describe not only a finite ion 
Larmor radius effect, but also a finite electron Larmor radius 
effect in an open system. The purpose of this paper is then to 
demonstrate the dynamical evolution of driven magnetic re- 
connection in a collisionless plasma and to clarify the fine 
mechanism leading to collisionless driven magnetic recon- 
nection. The initial condition and the simulation model are 
described in Sec. II. We show that two different types of 
magnetic reconnection take place as a system evolves dy- 
namically. In order to investigate the physical mechanism, 
the dependence of the simulation results on the ion mass, the 
electron mass, and the driving electric field is examined by 
carrying out several simulation runs. The detailed simulation 
results are discussed in Sec. III. The detailed analysis of the 
simulation results reveals that the temporal evolution of 
magnetic reconnection scales as E,“2M!‘4, and the maxi- 
mum reconnection rate is roughly in proportion to E,, where 
E, is the driving electric field at the boundary and Mi is the 
ion mass. Finally, we give a summary of this paper and a 
physical meaning of the scaling law in collisionless driven 
magnetic reconnection, in connection with the dynamics of 
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the current layer in Sec. IV. Comparisons of the simulation 
results with theoretical studies of the tearing instability are 
also given in Sec. IV. 
II. SIMULATION MODEL 
Let us study externally driven magnetic reconnection of 
a collisionless plasma by means of two-and-one-half- 
dimensional particle simulation. The semi-implicit meth- 
od18-20 is used for time advancing. Because both electrons 
and ions are treated as particles in this method, a finite elec- 
tron Larmor radius effect can be described, as well as a finite 
ion Larmor radius effect. The physical quantities are as- 
sumed to be translationally symmetric in the z direction (a/ 
C?Z =O). The basic equations to be solved are the equations of 
motion, 
d('Yjvj) _ 4j --- 
dt nlj 
dx. LCVj, 
dt (2) 
and the Maxwell equations, 
1 dB 
--=-VxE, 
c at (3) 
1 dE 
,Z=VxB-47rj, 
V.B=O, (5) 
V.E=4rp, (6) 
where xj( t), Vj( t), mj, and qj are the position, the velocity, 
the rest mass, and the charge of the jth particle, and the 
relativistic y factor of the jth particle is defined by 
rj= l/ 1 -(Vj*Vj)IC". (7) 
The current density j(x,t) and the charge density p(x,t) are 
obtained by summing over all the particles, namely, 
jtx,t)=S 7 4jvjtt) e-XjWl, 
j=l 
(8) 
N 
pt%t)= C qjS[x-Xjtt)], 
j=l 
(9) 
where N is the total number of particles, and S(x) is the form 
function of particles that is expressed by a triangle with the 
base length equal to 2.0 times the grid separation. 
As an initial condition, we adopt a one-dimensional 
equilibrium with the Harris-type antiparallel magnetic con- 
figuration as 
B,(y)=& tanhty~~), (10) 
P(y) = B$87r sech2(yll), (11) 
where L is the scale height along the y axis. There is a 
magnetically neutral sheet along the mid-horizontal line (y 
=0) in the initial equilibrium. Let us assume that the initial 
particle distribution is given by a shifted Maxwellian with a 
spatially constant temperature, and the average particle ve- 
locity is equal to the diamagnetic drift velocity. Then, the 
particle position and the particle velocity are determined 
from the pressure profile P(y) and the current density j(x,O) 
(=[O,O,-Bol(4?TL)sech2(y/L)]). Because both an ion and 
an electron are loaded at the same spatial position, there is no 
electric field in the initial profile. 
In order to drive magnetic reconnection at the center of 
the simulation domain, we adopt an input boundary 
condition” at the boundary of the y axis (y = + yb) and a 
periodic boundary condition at the boundary of the x axis 
(x= 2~~). At the input boundary, the y derivatives of the 
field quantities are equal to zero, and the plasma is smoothly 
supplied with the EXB drift velocity into the simulation do- 
main. The driving electric field E,(x,t) = [O,O,E&,t)] at 
the input boundaries is taken to be zero at t =O, and gradually 
increases for O<t<fA. After this period (t>tA), Edz(x,t) is 
described by a constant profile as 
&z(w) = Eo(q+ t 1 - q){cos[ &x)1 + 1 WI, (121 
where 
1 if x< -xb,, rp(x)= Z&, , if xbl>x> -xbl , v, if x>xbl; 
9=0.12, xbl =xb, tA=2yb/uAo$ and VA0 is the initial aver- 
age Alfven velocity. As a condition at the boundary of the x 
axis, we have examined two kinds of boundary conditions, 
i.e., (1) a free boundary condition,” where the n derivatives 
of the fieId quantities are equal to zero and a particle can pass 
freely through the boundary; and (2) a periodic boundary 
condition. It is found a posteriori that we have almost the 
same results for both cases if the simulation box is long 
enough along the x axis, say, Xblyba2.5. In this paper, there- 
fore, the ratio of the side lengths of the simulation box nb/yb 
is fixed to 3, and the periodic condition is adopted at the 
boundary of the x axis. 
It is important to examine the numerical accuracy of the 
simulation model before stepping in the analysis of simula- 
tion results. Let us show one example of the numerical tests 
to find appropriate simulation parameters. Figure i shows the 
temporal evolution of the total magnetic energy for the cases, 
where the total numbers of particles are equal to 120 000, 
180 000, 240 000, and 360 000, respectively. Since these 
simulation results are found to little depend on the particle 
number, it is appropriate to fix the total number of particles 
to 240 000 in order to obtain the simulation result indepen- 
dent of the particle number. The simulation domain is imple- 
mented on a (66X 129) point grid. The time step width At is 
determined, so as to satisfy the Courant-Friedrichs-Lewy 
condition2i for the electromagnetic wave in vacuum; the re- 
lation At=0.5 Aylc holds in our simulation, where Ay is 
the grid separation along the y axis. 
Ill. SIMULATION RESULTS 
We carry out several simulation runs with different 
physical parameters. The relation L > pi> cl@,,> Ay holds 
for all cases, where pi is the ion Larmor radius and o,,~ is the 
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FIG. I. Temporal evolution of the total magnetic energy for four test runs, 
where the total numbers of particles are equal to 120 000 (dot-dashed line), 
180 000 (dashed line), 240 COO (dotted line), and 360 000 (solid line), re- 
spectively. 
electron plasma frequency. Let us first discuss the overview Generation of the electric field along the equilibrium 
of collisionless driven reconnection by using the simulation current is needed for driving magnetic reconnection. Figures 
result for case A, where the ratio of ion to electron 3(a) and 3(b) show (a) the temporal evolution of the z com- 
mass MiIM, is 50, the half-width d,, of the initial ponent of the electric field, which is the reconnection electric 
mass density profile is 2 1.9 Ay, the initial ion Larmor ra- field, and (b) that of the mass density pm (solid line) and the 
dius pi0 is 10.4 Ay, the driving electric field E. is z component of the current density -j, (dot-dashed line) at 
-0.048,, ~&i~,,=5.0, c/(+ Ay)=2.0, o,, At=0.05, the X point for case A. The spatial profile of the electric field 
Magnetic Flux 
~1 
t=o 
and w,,( = eBolM,c) is the electron cyclotron frequency. In 
this case, the maximum value of the input flow velocity 
reaches 0.4 of the local Alfvdn velocity. Figure 2 shows four 
snapshots of magnetic flux contours (left) and vector plots of 
the average ion velocity (right) in the (x,y) plane at t=O, 
t= 1.22t,, t= 1.78t,, and t = 2.12 tA , where the magnetic 
flux contours less than the initial value at the input boundary 
are plotted with the dotted lines. A magnetically neutral sheet 
exists along the mid-horizontal line (y =0), and no bulk ion 
flow exists in the (x,y) plane at t=O (top panel). An 
x-shaped structure of magnetic separatrix becomes visible as 
a result of magnetic reconnection after the period of 
t= 1.22t,. The region occupied by the reconnected flux 
spreads over the whole simulation domain at this time. A fast 
directed flow arises from the X point after magnetic recon- 
nection sets in, and carries the reconnected flux toward the 
boundaries of the x axis (x = 2~~). The reconnection point 
does not always stay at the midpoint of the simulation do- 
main, but it shifts slightly along the magnetically neutral 
sheet with time. One can find in the bottom panel that a 
shock structure appears in the ion flow pattern. 
A. Two-step evolution of collisionless reconnection 
Ion Average Velocity 
~ 
t =‘o 
~~ 
t = i.22tA 
I-ii:-:’ 
:iii:~~~j~~~~~~~; 
t := ;.mt. 
~ 
: ip+;;;; 
i j ; fTFy?:z’ 
t = 2.12t* 
L 
FIG. 2. Time sequences of magnetic flux contours (left) and vector plots of the average ion velocity (right) in the (x,y) plane at t=O, t= 1.22t,, t= 1.78f,, 
and f = 2.12t,, for case A, where the magnetic flux contours less than the initial value at the input boundary (y = kyb) are plotted with the dotted lines. 
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FIG. 3. Temporal evolutions of (a) the reconnection electric field, and (b) 
the mass density pm (solid line) and the z component of the current density 
-j: (dot-dashed line) at the X point for case A. Note that the amplitude 
Ei” of the n = 1 mode along the neutral sheet is plotted on a logarithmic 
scale in (a). while the mass density and the current density are plotted on a 
linear scale in (b). Three fitting functions of E:“(r) = c,,(O<r<0.6t,), 
El”(f)aexp(0.92t/r,) (0.6t,<r< 1.3t,J, and E~‘)(t)aexp(6.0t/tA) 
(1.4r,<t< 1.7t,) are also plotted in (a) for comparison. 
EJx.0) along the neutral sheet is expanded into the Fourier 
series, and the amplitude E, (I) of the n = 1 mode is plotted on 
a logarithmic scale in Fig. 3(a), while the mass density and 
the current density are plotted on a linear scale in Fig. 3(b). 
There are three temporal phases in the evolution of the re- 
connection electric field Ei’), i.e., the initial phase 
(O<t<0.6tA), the slow reconnection phase (0,6t,<t 
Cl .3tA), and the fast reconnection phase (l.3tA<t<l .8t,). 
The reconnection electric field Ei*) remains at the noise level 
in the initial phase. The electric field begins to grow slowly 
when both the mass density and the current density start 
increasing in the current layer as a result of the compression 
by the convergent plasma flow in the slow reconnection 
phase. The growth rate y, of the electric field is estimated to 
be 0.92/t, or 0.1030,,, where coci(=eBolMic) is the ion 
cyclotron frequency. The inclination of the growth curve 
steepens suddenly after the mass density reaches the maxi- 
II ” ’ “1 I “““‘I L 
Ti (4 1 ,‘-.__ 
,I-’ , 
. ..+_. -..--- .\,,_\ 
-e-_ y---- -- - 
T&Z 
0 ._ - --“a==-, --------- 
.--._+.-- 
.~~~ 
ol-1” ” ” ” ” ” ” 1 
-40 0 40 
Y/AY 
FIG. 4. Spatial profiles of (a) the electron temperature r, (solid line) and the 
ion temperature ‘Z’r (dotted line), (b) the z component of the average electron 
velocity (solid line) and the z component of the average ion velocity (dotted 
line), and (c) the mass density (solid line) and the z component of the 
current density (dotted line) at t= 1 .Ot, for case A, where the profiles along 
the vertical line passing on the reconnection point are plotted. 
mum value at t = 1.3 tA. The mass density tends to decrease 
slowly in the fast reconnection phase, while the current den- 
sity continues to increase. The growth rate of the electric 
field in the fast reconnection phase is estimated to be 6.0/t, 
or 0.0130,, . This value is much larger than the growth rate 
in the slow reconnection phase. These results suggest that 
magnetic reconnection in the fast reconnection phase is con- 
trolled by a different mechanism from that in the slow recon- 
nection phase. 
Let us examine the behaviors of the physical quantities 
in the slow reconnection phase. Figures 4(a)-4(c) show (a) 
the spatial profiles of the electron temperature T, (solid line) 
and the ion temperature Ti (dotted line); (b) those of the z 
component of the average electron velocity (solid line) and 
the .z component of the average ion velocity (dotted line); 
and (c) those of the mass density (solid line) and the z com- 
ponent of the current density (dotted line) at t = I .Ot, , where 
the profiles are plotted along the vertical line passing on the 
reconnection point [(x,y> = ( -2.5 Ax,O>], and the particle 
temperature is obtained by assuming that the distribution 
function is approximated by the shifted Maxwellian. The 
equilibrium current is initially dominated by the diamagnetic 
component. In other words, the electron current is equal to 
the ion current because T,= Ti at t=O. The electron current 
becomes dominant over the ion current because of its smal1 
inertia as time goes on. It is worth noting that the mass 
density profile has the same width as the current density 
profile. In the vicinity of the magnetically neutral sheet, an 
ion executes a meandering motion” due to the finite ion 
Larmor radius effect. This motion creates the negative ion 
current at the edge region of the current layer. The ion mo- 
tion is rather unconstrained by the magnetic field in the inner 
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FIG. 5. Temporal evolutions of (a) the half-width d, of the mass density 
profile (solid line), the half-width dj, of the current density profile (dotted 
line) along the y  axis, the average orbit amplitude I,i of meandering ions 
(dashed line) and the average orbit amplitude lme of meandering electrons 
(dot-dashed line); and (b) the electron number density (dotted line) and the 
ion number density (solid line) at the X point for case A, where the spatial 
scales 4, d,: , I,, , and I,,,, are normalized by the grid separation By along 
the y  axis. 
region of the current layer while it is strongly restricted by 
the motion of magnetic field outside the current layer. When 
the current layer is compressed by increasing magnetic pres- 
sure, ions inside the current layer act as if they are com- 
pressed by two walls approaching each other. The interaction 
between ions and the moving magnetic walls results in the 
ion heating through the Fermi mechanism, as was seen in 
Fig. 4(a). On the contrary, an electron moves together with 
the magnetic field without interacting with the magnetic 
wall, because the electron Larmor radius pe is much smaller 
than the width of the current layer. Thus, the electron tem- 
perature remains almost constant in the slow reconnection 
phase. 
Let us examine what happens in the transition period 
between the slow reconnection phase and the fast reconnec- 
tion phase. Figures 5(a) and S(b) show (a) the temporal evo- 
lutions of the half-width dh of the mass density profile (solid 
line), the half-width djz of the current density profile (dotted 
line) along the y axis, the average orbit amplitude l,i of 
meandering ions (dashed line), and the average orbit ampli- 
tude I,, of meandering electrons (dot-dashed line); and (b) 
those of the electron number density (dotted line) and the ion 
number density (solid line) at the X point, where Z,i 
= Jdhpi and I,, = Jdhp,. The spatial scales dh , dj, , Z,i, 
and I,, in Fig. 5(a) are normalized by Ay, and djz-d,, 
(=0.863L) at f=O. Both the mass density profile and the 
current density profile have an initial half-width of about 
2pio, where the initial ion Larmor radius pi0 is equal to 
10.4 Ay. Both dh and dj, decrease with the same rate in the 
compression time scale in the first half of the slow reconnec- 
tion phase. The change of d, slows down, and it approaches 
l,i in the latter half of the slow reconnection phase. The 
- am 
:I (b) 
- 40 0 40 
YIAY 
FIG. 6. Spatial profiles of (a) the ion temperature, (b) the electron tempera- 
ture, and (c) the z  component of the current density at t= 1 .Ot, (solid line), 
t= 1.39t, (dotted line), and t= 1.78 tA (dashed line) for case A, where the 
profiles along the vertical line passing on the reconnection point are plotted. 
The average orbit amplitude I,i of meandering ions and the average orbit 
amplitude I,, of meandering electrons that are estimated at t= I .78t, are 
also drawn with arrows for comparison. 
half-width dj, continues to decrease during the slow recon- 
nection phase, and it approaches I,, at the end of the slow 
reconnection phase. Both di and dj, remain almost constant 
in the fast reconnection phase, where dj,~3 Ay and 
dh= 8 Ay . Thus, the electric current is localized in a nar- 
rower region than the mass density in the fast reconnection 
phase. 
The number density at the X point begins to increase at 
t-0.6t,, as is seen in Fig. 5(b). Both the electron density 
and the ion density increase with the same growth rate dur- 
ing the slow reconnection phase. The growth of the number 
density slows down and the density becomes maximum at 
the end of the slow reconnection phase. In the fast reconnec- 
tion phase, the electron density becomes dominant over the 
ion density. Comparing Fig. 5(a) with Fig. 5(b), one can find 
that the charge separation becomes distinct after the scale 
height of the mass density profile becomes nearly equal to 
the ion Larmor radius, i.e., dh a l,i = Jdhpi. This phenom- 
enon can be easily understood by the finite ion Larmor radius 
effect in the vicinity of the neutral sheet.14 That is, most of 
the ions in the current layer become unmagnetized when 
d,-pi, while the electrons remain magnetized. Therefore, 
the input flow (Poynting flux) no longer works on thinning 
the ion current layer, but acts to increase the ion temperature 
in it. For the electrons, however, compression keeps work- 
ing. Consequently, the charge neutrality condition is violated 
in the central region of the current layer, when the fast re- 
connection phase sets in. 
Let us examine the behaviors of the physical quantities 
in the fast reconnection phase in detail. Figures 6(a)-6(c) 
show (a) the ion temperature profiles; (b) the electron tem- 
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perature profiles; and (c) the spatial profiles of the z compo- 
nent of the current density at three different periods, where 
the solid, dotted, and dashed lines correspond to the spatial 
profiles along the vertical line (y axis) passing on the recon- 
nection point at t=l.Ot,, t=1.39tA, and t=1.78t,, re- 
spectively. The ion temperature takes a broad profile with a 
spatial scale comparable to l,i and its peak value increases 
monotonously during both the slow reconnection phase and 
the fast reconnection phase. On the contrary, the electron 
temperature keeps a fairly flat profile during the slow recon- 
nection phase, but increases suddenly in the narrow region 
comparable to the orbit amplitude I,, of an eIectron mean- 
dering motion as soon as the fast reconnection phase starts. 
The ion temperature is about two times as high as the elec- 
tron temperature in the central region of the current layer in 
the fast reconnection phase. 
It is interesting to notice in Fig. 6(c) that there are two 
spatial scales in the current density profile, i.e., the orbit 
amplitude l,i of an ion meandering motion and the orbit 
amplitude I,, of an electron meandering motion. The current 
density profile with the large spatial scale of l,i, “ion cur- 
rent layer,” develops in the slow reconnection phase and is 
maintained in the fast reconnection phase. The peaked profile 
with the small spatial scaie of f,, , “electron current layer,” 
emerges inside the large-scale profile and grows rapidly in 
the fast reconnection phase. The separation of the current 
density into two, broad and narrow, spatial profiles is due to 
the dominance of either the finite ion Larmor radius effect or 
the finite electron Larmor radius effect. The ion current is 
dominant in the outer region of the current layer, while the 
electron current is dominant in the inner region in the fast 
reconnection phase. 
Comparing Fig. 6(b) with Fig. 6(c), one can find that 
abrupt electron heating takes place in the electron current 
layer in the final phase of fast reconnection, i.e., t = 1.7 8 tA . 
This phenomenon indicates that as the current layer is com- 
pressed as thin as I,, , the driving flow acts no longer to thin 
the current layer, but acts to increase the temperature of me- 
andering electrons in it. A similar observation is made for the 
ions when the current layer becomes as thin as the ion Lar- 
mor radius. 
Figure 7 shows contour maps of the mass density (top), 
the z component of the current density (second), the eIectron 
temperature (third), and the ion temperature (bottom) in the 
(x,y) plane at t=l.78tA, where contours with a smaller 
value than the average are plotted with the dotted lines. Most 
of the plasma that exists inside the current layer in the slow 
reconnection phase is carried away by the divergent plasma 
flow toward the boundaries of the x axis (Fig. 2), and thus 
the mass density tends to take a fairly flat profile in the 
current layer in the fast reconnection phase. The electric cur- 
rent is enhanced in the long narrow region between two 
peaks of the mass density. The half-width of the current layer 
is comparable to the orbit amplitude of the electron mean- 
dering motion, as was seen in Figs. 5(a) and 6(c). The elec- 
tron temperature profile is very similar to the current profile, 
since the electron heating takes place exclusively in the elec- 
tron meandering layer, which is equivalent to the peaked 
current layer. In contrast, the ion temperature takes a broad 
Mass Density 
,.... ,, . . c:: ,_........ _ .__,_, 
Current Density J, 
Electron Temperature 
Ion Temperature 
FIG. 7. Contour maps of the mass density, the z component of the current 
density, the electron temperature, and the ion temperature in the (x,y) plane 
at t= 1 .78tA for case A, where a contour with a smaller value than the 
average is plotted with the dotted line. 
profile with the half-width nearly equal to l,ni, which is 
caused by the compressional heating of meandering ions by 
the convergent plasma flow. 
B. Dependence on ion mass 
It is important to examine the parameter dependence of 
the simulation results in considering the physical mechanism 
of collisionless driven reconnection. We carry out several 
simuIation runs with various sets of physical parameters. The 
simulation parameters are listed in Table I. The dependence 
on the ion mass is examined by comparing the simulation 
results for case A, case B, and case C, where the simulation 
parameters are chosen so that the parameters associated with 
the ion mass, say, the ion Larmor radius, the Alfven velocity, 
and so on, are different, while keeping the others fixed. One 
aspect of the results is shown in Fig. 8, where the temporal 
evolutions of the reconnection electric field Et’) for case A 
(dotted line), case B (solid line), and case C (dashed line) are 
plotted on a logarithmic scale. Note in Fig. 8 that the time is 
normalized by using the electron cyclotron frequency wee, 
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TABLE I. Simulation parameters. 
Case M,fM, PidAY d,dAY WBo wpcfwce 
A 50 10.4 21.9 -0.04 5.0 
B 25 7.4 21.9 -0.04 5.0 
C 100 15.1 21.9 -0.04 5.0 
D 25 10.4 21.9 -0.04 3.5 
E loo 10.4 21.9 -0.04 1.07 
F 50 10.4 21.9 -0.01 2.0 
G  50 10.4 21.9 -0.02 2.0 
which is independent of the ion mass. The growth of the 
electric field becomes slower as the ion mass or ion Larmor 
radius increases. This result corresponds to the fact that the 
compression speed of the current layer decreases as the ion 
mass increases. On the other hand, the saturated reconnection 
rate or the peak value of the electric field is almost indepen- 
dent of the ion mass. By changing the normalization of time, 
it is found that three evolution curves agree fairly well with 
one another if a quantity proportional to Mft4 is introduced 
as a normalization of time, as is shown in Fig. 9. That is, the 
whole temporal evolution of collisionless driven reconnec- 
tion is characterized by a time scale in proportion to IV!‘~, 
irrespective of whether the evolution stage is the slow or fast 
reconnection stage. Figures 10(a) and 10(b) show (a) the 
temporal evolutions of the ion temperature, and (b) those of 
the electron temperature at the reconnection point for the 
same cases as Fig. 8, where a closed circle, an open circle, 
and an open square correspond to the simulation results for 
case A, case B, and case C, respectively. The ion temperature 
increases in proportion to Mfi2 in the fast reconnection 
phase, while the electron heating takes place independent of 
the ion mass. These results suggest that the dynamical evo- 
lution of collisionless driven reconnection and the ion heat- 
ing are controlled by a physical mechanism associated with 
Me, Eo : fixed 
9 I I I I I, I I, 
CaaeB - 
Case A -----_ 
10-l 7 Case c --- 
FIG. 8. Temporal evolutions of the reconnection electric field for three 
different ion masses with a fixed electron mass and a fixed driving electric 
field, i.e., p,a/Ay=7.4 (case B), 10.4 (case A), and 15.1 (case C). 
Me, EQ : Axed 
tw, . (Mt/M.)-‘1’ 
FIG. 9. The same figure as Fig. 8, but the abscissa is replaced by 
~w,,(M~/M,)-*‘~. Note that the electron mass is fixed for three cases. 
M,, E. : fixed 
L ’ I, I I I I J  
F OCaseB (4 0.2 *CaseA 
I I I I I I I I 
0 100 200 300 
twc, . (Mr/M,)-*I4 
M,, EO : fixed 
I I I I I I I 
0 CaseB (b) 
,0.08 l Case A 
0 Case C 
0 
twce * (Mt/Me)-l” 
FIG. 10. Temporal evolutions of (a) the ion temperature and (b) the electron 
temperature at the reconnection point for the same cases as Fig. 8, where an 
open circle, a closed circle, and an open square correspond to the simulation 
results for case B, case A, and case C, respectively. 
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M,, EO : fixed 
10-S 1 ’ ’ ’ ’ ’ f ’ ’ ’ I 
0 I 2 
Time t / TV 
FIG. II. Temporal evolutions of the reconnection electric field for three 
different electron masses with a fixed ion mass and a fixed driving electric 
field, i.e., 0,,/0,,=3.5 (case D), 5.0 (case A), and 7.07 (case E). 
the ion dynamics, but that the electron heating is caused by a 
mechanism independent of the ion mass. We will give a phe- 
nomenological explanation of these results in connection 
with the dynamics of the ion current layer in the next section. 
C. Dependence on electron mass 
The dependence on the electron mass is examined by 
comparing the simulation results for case A, case D, and case 
E, where the ion mass is fixed. Figure 11 shows the temporal 
evolutions of the reconnecfion electric field E:” for case A 
(dotted line), case D (solid line), and case E (dashed line), 
where the time is normalized by the Alfvdn transit time. In 
contrast to the cases shown in Fig. 8, there is no significant 
difference between the three cases, except for the fact that 
the noise level in the initial phase depends weakly on the 
electron mass. In other words, the development of the recon- 
nection field depends little on the electron mass, although 
most of the electric current in the vicinity of the reconnection 
point is carried by electrons and the width of the current 
layer is given by the small spatial scale associated with the 
electron mass in the fast reconnection phase. Figures 12(a) 
and 12(b) show (a) the temporal evolutions of the ion tem- 
perature; and (b) those of the electron temperature at the 
reconnection point for the same cases as Fig. 11, where an 
open circle, a closed circle, and an open square correspond to 
the results for case D, case A, and case E, respectively. The 
electron temperature increases slowly as soon as the slow 
reconnection phase starts, and a small but significant differ- 
ence appears between the three cases. The electron tempera- 
ture remains nearly constant for a while, and then increases 
rapidly in the fast reconnection phase. The electron heating 
takes place more efficiently as the electron mass becomes 
larger. It is found that the electron temperature scaIes as Ma’4 
in the fast reconnection phase. In contrast to the electron 
temperature, the ion temperature increases independent of 
M,. These results indicate that while the ion heating is 
caused by the compressional heating of meandering ions, the 
electron heating is a process of pure electron dynamics. The 
proportionality of the electron temperature to an electron 
mass, 1?4:‘~, suggests that the electron heating must result 
from energization of meandering electrons in the narrow cur- 
rent layer, subject to the incoming Poynting tlux from the 
external region. 
D. Dependence on driving electric field 
According to MHD studies,3 the reconnection rate de- 
pends strongly on the driving electric field E,. Let us exam- 
ine the dependence of the reconnection rate in a collisionless 
plasma on the driving electric field. Figure 13 shows the 
temporal evolutions of the reconnection electric field Ei’) for 
case A (dotted line), case F (solid line), and case G  (dashed 
line), where the time is normalized by the Alfvdn transit time 
tA . Magnetic reconnection starts earlier and the electric field 
grows faster as the driving electric field becomes larger. The 
&, Eo : fixed 
0.16 v 
II 
1 2 
Time t / tA 
M,, EQ : fixed 
o-osc 
0.04 
rt I I I I I I I II 
0 1 2 
Time t / tA 
FIG. 12. Temporal evolutions of (a) the ion temperature and (b) the electron 
temperature at the reconnection point for the same cases as Fig. 11, where an 
open circle, a closed circle, and an open square correspond to the simulation 
results for case D, case A, and case E, respectively. 
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M,, M, : Axed 
I I I I I I I I,,,,,,,, 
Case F - 
z‘, w 
a 
2 k 
*$ 10-Z 
Y 
El 
Time t / ta 
FIG. 13. Temporal evolutions of the reconnection electric field for three 
different driving fields, with a fixed ion mass and a fixed electron mass, i.e., 
E,/B,= -0.01 (case F), -0.02 (case G), and -0.04 (case A). 
detailed examination reveals that the evolution time of mag- 
netic reconnection scales as E, 1/2. This reflects the fact that 
the compression speed of the current layer depends strongly 
on the input rate of the magnetic flux through the boundary, 
i.e., the driving electric field Eo. The saturated reconnection 
rate or the peak value of electric field is roughly in propor- 
tion to E,. This result is in good agreement with that of the 
MHD studies,” where the reconnection rate is approximately 
given by the external driving electric field and depends little 
on the value of the electric resistivity. 
Figures 14(a) and 14(b) show (a) the temporal evolutions 
of the ion temperature; and (b) those of the electron tempera- 
ture at the reconnection point for the same cases as Fig. 13, 
where the temperature is plotted in the same normalization 
unit. Both the electron heating and the ion heating take place 
more efficiently as the driving electric field becomes larger. 
The ion temperature is always higher than the electron tem- 
perature, irrespective of the driving electric field, except in 
the initial phase. The ion temperature is two or more times as 
high as the electron temperature in the fast reconnection 
phase. These results indicate that the plasma compression 
becomes stronger as the driving electric field increases, and 
thus, reconnection and collisionless plasma heating take 
place more efficiently. We will briefly touch on a physical 
meaning of the scaling law with E, in the next section. 
IV. SUMMARY AND DISCUSSIONS 
We have investigated driven magnetic reconnection in a 
collisionless plasma by means of two-and-one-half-dimen- 
sional particle simulation for the case where the current layer 
is compressed by the convergent plasma flow, which is sup- 
plied through the boundary by the external electric field. The 
main results are summarized as follows. 
(1) Driven magnetic reconnection consists of three tem- 
poral phases, i.e., the initial phase in which the electric field 
Me, Mi : fixed 
0.16 pynTyiJ 
/ ;I 
Ti /’ 
:: 
; \ 
0.08 - 
0.08 
Time t / tA 
M,, Mi : fixed 
t, I I l I I I I I I I I I I I ,I 
0 1 2 3 
Time t / tA 
FIG. 14. Temporal evolutions of (a) the ion temperature and (b) the electron 
temperature at the reconnection point for the same cases as Fig. 13. 
remains at the noise level (t<0.6t,), the slow reconnection 
phase (0.6t,<t< 1.3t,), and the fast reconnection phase 
(1.3t,<t<1.8t,). 
(2) The reconnection electric field grows at the recon- 
nection point with a slow growth rate of the order of roughly 
0.1 W,i , while both the current layer and the mass density are 
equally being compressed. 
(3) When the width of the current layer is compressed as 
thin as the orbit amplitude of the ion meandering motion, the 
ions in the current layer become unmagnetized while the 
electrons remain magnetized. Only magnetized drifting elec- 
trons can carry the Poynting (magnetic) flux inside the cur- 
rent layer, thereby enhancing the electron current in a narrow 
layer with the spatial scale of the orbit amplitude of mean- 
dering electrons. Thus, the current layer is split into ion and 
electron current layers in the fast reconnection phase. Mag- 
netic reconnection takes place with a fast growth rate of 
0.01 o,, , in good accordance with this enhanced narrow elec- 
tron current layer. 
(4) The evolution time of magnetic reconnection scales 
as E, 1’2M!‘4, and depends little on the electron mass. That I 
is, magnetic reconnection develops faster as the ion mass 
decreases and/or the driving electric field increases. The 
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Me, E. : fixed TABLE II. Magnetic field at the ion current boundary. 
Case 
M,IM, 
Eo/Bo 
BblBo 
A B C F G 
50 25 100 50 50 
-0.04 -0.04 -0.04 -0.01 -0.02 
3.4 2.7 4.1 1.9 2.5 
layer dynamically evolves while satisfying the balance be- 
tween the plasma compression by the convergent plasma 
l-low and the penetration of the magnetic flux into the ion 
current layer. 
0 100 200 300 
twc, * (Mt/Me)-*I* 
Figures 15(a) and 15(b) show (a) the temporal evolutions 
of the magnetic field Bb at the curreni boundary for case A 
(closed circle), case B (open circIe), and case C (open 
square); and (b) those for case A (open square), case F (open 
circle), and case G (closed circle). The time is normalized by 
(AL?~/M~)“~/w,~ in Fig. 15(a), and by (E01B0)-“2t, in Fig. 
15(b). It is found in Figs. 15(a) and 15(b) that the maximum 
value of magnetic field Bb at the current boundary, which is 
listed in Table II, changes, according to the scaling law of 
Bb~E~t2Mft4. Though not shown here, the electric field Eb 
at the current boundary is observed to be proportional to the 
driving electric filed E,. Since the penetration speed up,, of 
magnetic field into the current layer is represented by the 
ExB drift velocity,t4 
cc E~“~i 
we have the relation as vpn 
-1’4. This scaling law is in good agreement with the 
inverse of the scaling law of the dynamical evolution time of 
magnetic reconnection. We conclude that the penetration 
speed at the ion current boundary determines the whole dy- 
namical evolution of collisionless driven reconnection, 
Me, Mi : fixed 
4 
I I I I I I I 
0 0.1 0.2 0.3 0.4 
+A * (EII/Bo)*/~ 
FIG. 15. Temporal evolutions of the magnetic field at the current boundary 
(a) for the same cases as Fig. 8. and (b) for the same cases as Fig. 13. Here 
the time is normalized by (M,IM,)t’41w,, in (a), and by (E,/B,) - “2tA 
in (b). 
maximum reconnection rate is roughly in proportion to the 
driving electric field, but independent of both the ion mass 
and the electron mass. 
(5) Only the ion heating takes place inside the current 
layer in the slow reconnection phase. In the fast reconnection 
phase, the ion heating takes place inside the broad ion cur- 
rent layer, while the electron heating takes place only inside 
the narrow electron current layer. The ion temperature is two 
or more times as high as the electron temperature during the 
reconnection process. 
Here, let us give a phenomenological explanation of the 
scaling law of E,‘t2M~‘4 by using a simple model of the 
current layer. Suppose that both an ion and an electron are 
magnetized outside the ion current layer, while an ion is 
unmagnetized and an electron is magnetized inside the ion 
current layer. A convergent plasma flow carries the magnetic 
field from the boundary of the simulation box toward the ion 
current layer and compresses it. Since magnetized drifting 
electrons can penetrate through the ion current layer, mag- 
netic flux can be carried inside.14,== Thus, the ion current 
It has been clarified by our simulation study that there 
exist two types of physical mechanism, leading to magnetic 
reconnection in a collisionless plasma. One is responsible for 
the slow reconnection process associated with the ion mean- 
dering motion, and the other is responsible for the fast recon- 
nection process associated with the electron meandering mo- 
tion When the width of the current layer becomes com- 
parable to the orbit amplitude of the ion meandering motion, 
the rate of magnetic reconnection due to the ion meandering 
motion is dominant over that due to the electron meandering 
motion. The penetration of the magnetic field into the current 
layer splits the current layer into the ion one and the electron 
one by compressing only electrons within the ion current 
layer. The Poynting flux into the ion current layer results in 
the increase of the ion temperature and the enhancement of 
the electric current. Since the ion temperature is always 
higher than the electron temperature, the magnetic pressure 
is roughly balanced with the ion thermal pressure. The pres- 
sure balance reduces to Tiff EF2kfMf j2 where we use the ob- 
served scaling law of the number density ni, at the center of 
the current layer, i.e., ni,,E~“2, This scaling law of the ion 
temperature is consistent with that of the simulation results 
shown in Figs. IO(a) and 14(a). When the electron current 
layer is compressed as thin as the orbit amplitude of the 
electron meandering motion, the thinning of the electron cur- 
rent layer is stopped. After this period, the rate of magnetic 
reconnection due to the electron meandering motion is domi- 
nant over that due to the ion meandering motion, The electric 
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held E: at the reconnection point increases with the growth 
rate of fast reconnection until it reaches the input rate of 
magnetic field at the boundary of the simulation domain, i.e., 
the driving electric field E,. Thus, the maximum reconnec- 
tion rate is roughly in proportion to the driving electric field. 
We have discussed the simulation results without speci- 
fying the physical mechanism responsible for driven mag- 
netic reconnection in a collisionless plasma. It is widely be- 
lieved that a collisionless tearing instability7-I7 is an 
effective mechanism for collisionless magnetic reconnection. 
Let us first consider the triggering mechanism of the colli- 
sionless reconnection in the slow phase. The linear growth 
rate of the ion tearing instability I7 is estimated to be 
yi= 0.08 wci for a thin current layer ( diZ = 2pi0). This value 
is in good agreement with the simulation results of 
yR=0.103 w+ in the slow reconnection phase. This agree- 
ment suggests that the slow reconnection can be triggered by 
the ion tearing instability associated with the ion meandering 
motion. 
One can immediately come up with the electron tearing 
instability7*8+‘0-‘2 for the fast reconnection process. The lin- 
ear growth rate yc of the electron tearing instability7 is esti- 
mated to be ye=0.02w,, if the relations djz=lme and 
Yez(PJdj:)5’2W,e are used. This value appears consistent 
with the simulation results of r,- 0.0 13 w,, in the fast re- 
connection phase, and the half-width of the electron current 
layer is in good agreement with the theoretical value of 
1 nrc = Jdhp, inside which the resonant wave-particle inter- 
action takes place.” Thus, fast reconnection may be attribut- 
able to the electron tearing instability. If so, however, we 
have a conflict with the obtained scaling law as E,“*IW!‘~, 
which is independent of the electron dynamics. Remember, 
however, that all the electron parameters, such as the electron 
cyclotron frequency and the electron Larmor radius are not 
time independent, but strongly time variable. It is quite likely 
that the local electron parameters are so adjusted as to match 
the external macroscopic dynamics, and the apparent dy- 
namical behavior appears to be controlled by the ion dynam- 
ics, although, in fact, the evolution is governed by the local 
electron dynamics, which is highly susceptible to the sur- 
rounding macroscopic condition. 
Before concluding this paper, let us point out two impor- 
tant problems to be studied in the near future. First, an elec- 
tron flow with a large bulk velocity along the z axis was 
observed in the fast reconnection phase in our simulation. 
This fact suggests a possibility that the electron flow would 
excite kinetic waves, such as the lower-hybrid-drift mode,5 
thereby anomalous resistivity being generated to cause colli- 
sionless magnetic reconnection. Investigation of this effect 
requires a really three-dimensional treatment. Second, in the 
fast reconnection phase, the electron current layer is found to 
become as thin as the orbit amplitude of the electron mean- 
dering orbit. However, its width is three times the grid size 
along the y axis, i.e., d,--3 Ay . Furthermore, the electron 
skin depth cIupe is typically equal to 2 Ay. These values are 
close to the lower limit of the spatial resolution in the nu- 
merical calculation, i.e., the grid separation Ay . Thus, we are 
now carrying out simulation runs with a higher spatial reso- 
lution than that in the present study in order to make the 
simulation results more physically comprehensive and reli- 
able. 
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